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Abstract 
Modular product architectures are used to optimize the tradeoff between product differentiation by increased fit to costumer needs and 
economies of scale augmented by product standardization. Especially the development and the ramp-up of modular product architectures 
requires a new development process due to the interdependencies in the product itself, the impact on the production process and the higher level 
of market requirements. Literature describes different methods for single aspects of the development of modular product architectures, like the 
modularization of products but does not give a approach which considers all the needed steps and requirements. Therefore, this paper describes 
an holistic approach for the development of modular product architectures in three stages. In the first phase the requirements for the modular 
product architecture, that depend on internal and external circumstances, are identified. Based on the requirements the modular product 
architecture standards are defined. Afterwards the modular product architecture including the modularity as well as the variety and the 
interfaces are defined.  
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1. Introduction and motivation 
Due to product innovations, manufacturing companies in 
high wage countries can achieve advantages over competitors 
and thereby increase future growth and profitability [1][2][3]. 
The central challenge for these companies is to provide 
innovative, customized solutions in form of a wide range of 
products and manage the deriving complexity of the different 
variants at the same time. Especially the reduction of costs by 
economies of sale is an important factor. A study done by the 
Laboratory for Machine Tools and Production Engineering 
shows that manufacturing companies have a high degree of 
complexity which is still growing [4]. Indicators for this high 
degree in complexity are the number of components and 
products in the portfolio [5]. In addition, companies have to 
handle a high variety of manufacturing techniques and 
organizational, logistical and economic aspects to succeed in a 
turbulent competitive environment [6].  
To solve the dilemma between economies of scale and 
economies of scope more and more companies are using 
modular product architectures also called modular product 
platforms [7, 8]. The product architecture contains the 
functional and physical description of a product. Modules are 
subsystems of the product architecture. Regarding functional 
und physical aspects they are mostly enclosed. New products 
evolve from the combination of existing modules [9]. By use 
of a modular product architecture economies of scale can be 
achieved by the repetition effect in order to reduce unit costs 
and to increase the quality. The expected savings of a modular 
product architecture are about 20% cost saving in 
development, logistics and production and up to 30% time 
saving in time to market [10]. Especially for the ramp-up and 
fast reaction to market requirements a modular base is needed 
to realize competitive advantages. 
However, most companies lack a systematic approach to 
develop modular product architectures. Instead the companies 
use the existing products as basis and adapt them for new 
products. This leads to higher development efforts in the 
adaption and the potentials of economies of scale are reduced. 
At the same time the ramp up is often difficult due to not 
foreseen requirements of the new variants and lead to high 
adaption efforts and costs especially in the development and 
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production of prototypes [11]. 
To systematically address those problems the presented 
approach provides a specific and superior development 
process for modular product architectures. The main goals 
are:
x Shorter time to market of new products 
x High flexibility for new customer requirements 
x Low costs due to economies of scale  
Based on the product architecture development process 
different product variants can be derived. The general idea of 
the approach is shown in figure 1. 
Fig. 1. Concept of a superior development process for modular product 
architectures 
2. Existing modular product architecture development 
approaches  
For the development of modular products a number of 
methods already exists, but those design approaches lack an 
integrated view of product and process elements [4, 8]. 
There are numerous approaches in the field of complexity 
management that deal with the product development process 
and the impacts of product variety on it [e.g. 12, 13, 14, 15, 
16]. CAESAR for example develops the "Variant Mode and 
Effects Analysis" (VMEA) to achieve an optimal level of 
complexity. The approach considers the areas product, 
production and organization and allows the companies to 
focus their efforts on only a few promising solutions. The
method focuses on the variant management and has no direct 
relation to modular product architectures [17]. More recent 
approaches also focus on handling the complexity in the 
development process itself and do not consider modular 
product architectures in detail [c.f. 18] . 
In the last 15 years different approaches are described in 
literature to develop and optimize modular systems [e.g. 10, 
11, 19, 20, 21, 22]. CAI ET AL. for example provide an 
approach that considers the customer needs as well as the 
communality potential within a product platform. However, 
the approach only addresses the very early development phase 
and does not include a specific product planning out of the 
platform [23]. In general all the specific modularization 
approaches lack the holistic view of a development process, 
from customer needs, the setting of standards by taking into 
account the effects of the production system and the decision 
for specific modules and variants [c.f. 10, 19, 20, 21, 22]. The 
important areas of product architecture, production system 
and the market requirements must be considered in every 
case. But often these modularization methods does not include 
all the necessary perspectives [18]. Especially the production 
system is not sufficiently considered in these methods, 
although there is the greatest potential for cost savings [24]. 
However, all these approaches focus on specific parts of the 
development processes or some specific issues of 
modularization. Therefore, a development process for 
modular product architectures which takes into account the 
different perspectives market, product and production is 
presented in this paper. 
3. Development process for modular product architectures 
The development process for modular product platforms is 
split up into three stages (see figure 2). 
Fig. 2. Modular product architecture development process 
In the first stage the potentials of the modular product 
platform are identified. Therefore, the market is analyzed and 
future sales volumes and customer requirements are 
determined. At the same time the existing products and the 
value chain are analyzed as base for the platform. In addition 
to these information, the objectives of the modular product 
architecture are defined and translated into a requirement 
specification. Based on this specification the constituent 
features are identified in stage 2. These are characteristics 
which are critical in terms of internal product 
interdependencies and production processes. At the same time 
these characteristic are not influenced by customer 
requirements or can be decoupled from them and hence 
should be standardized. Based on these constituent features 
the platform structure is defined in stage three. Therefore, the 
modular structure is adapted according to the constituent 
features and the module variants as well as the configuration 
and the interfaces are defined. The result is the specification 
of the modular product architecture including the needed 
standards as well as flexible elements of the platform. 
Additionally the organizational structure and the processes 
have to be adapted to the requirements of modular product 
architectures. Based on this modular product architectures the 
different products can be developed within a normal product 
development process (PEP). These three stages of the process 
are described in detail below. 
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3.1. Stage 1 – Identification of platform potentials 
In the first stage of the development process the internal 
and external potentials of a modular product architecture are 
determined. The results are transferred into a requirement 
specification document which contains the market analysis as 
well as the targets of the modular structure and the actual 
product and production framework. The stage is divided into 
four external, four internal and one target defining step which 
are described below.  
The market analysis represents the external perspective and 
is shown in figure 3. Each step is described in detail below. 
Fig. 3: Market analysis for modular product architectures 
1. Definition of initial field of observation: To analyze the 
market as well as the product and production structure an 
initial field of observation is needed. It can be determined 
in a workshop with experts from the fields of 
development, production, marketing and logistics. If 
necessary, further experts can be invited. The definition of 
the scope is led by a questionnaire which derives the 
essential criteria like technical similarity, costs, technical 
solution etc. for the development of the modular product 
architecture.
2. Identification of market segments: The aim of this step is 
to define relevant market segments which are described by 
similar structure of competitors, customers, suppliers, new 
competitors and new technologies. Typical criteria for 
segmentation are: price range, industries, regions and 
usage behavior. Based on the initial scope, the market is 
split up into segments based on the segmentation criteria.  
3. Analysis of the market segments: In this step, the main 
impact factors on the identified segments in terms of 
requirements from market, customer, competitor, laws and 
other external influences are determined. Therefore, the 
approach of Porter’s Five Forces can be used in addition 
with trend analysis [25]. Additionally the market 
requirements need to be identified. Depending on the 
available information different methods can be used to 
identify the market requirements e.g.: by studies, expert 
knowledge, customer inquiry, analytical methods, VDMA 
data etc.. 
4. Definition of sales scenarios and configuration spaces: In 
the fourth step of the external analysis the customer 
requirements are clustered and assigned to different 
requirements groups. Afterwards the sales figures for each 
group and the needed customer configurations have to be 
identified. One approach to identify the sales figures is the 
interpolation based on historical sales data. Other methods 
are external studies, expert knowledge or customer 
inquiries. Additionally, the needed features and price 
categories for each group need to be determined. The 
second step is essential to realize a clear differentiation 
between different product types. 
At the same time the internal potentials of the modular 
product architecture can be identified. This approach is also 
based on four generic steps. 
1. Definition of generic product structure: At first a generic 
product structure based on the existing products has to be 
defined. Therefore, different aggregation levels need to be 
determined and sub-assemblies and components need to 
be assigned to the different levels. By connecting the sub-
assemblies with the components a hierarchical structure is 
build. The number of different aggregation levels can vary 
between different products, depending from the product 
complexity and the depth of added value.  
2. Analysis of as-is variety and variant drivers of the 
product: After creating the generic product architecture, 
the as-is variety and the variant drivers are analyzed. 
Therefore, the variety on the lowest aggregation level is 
determined and afterwards consolidated for the higher 
aggregation levels. The same approach is used for the 
variant drivers.  
3. Definition of production and assembly structure: Identical 
to step 1 the generic production and assembly process 
need to be identified and visualized. Additionally, a value 
stream analysis can be done. The generic production and 
assembly structure is the base for further analysis of the 
process.  
4. Analysis of as-is variety and variant drivers of the value 
chain: At last in the internal modular architecture analysis 
the as-is variety of the production and manufacturing 
processes is analyzed. Therefore, different process paths 
are analyzed and variant drivers are determined.  
In the end of stage one the targets of the modular product 
architecture have to be defined. Therefore, the targets are 
defined with experts from different corporate functions and 
afterwards brought into a hierarchical structure. Different 
aggregation levels need to be determined and the targets need 
to be assigned to the levels. Target conflicts have to be 
identified and a clear prioritization in terms of the modular 
product architecture has to be done.  
The results are consolidated in a requirement specification 
document. 
3.2. Stage 2 – Definition of constituent features 
In the next step, the modular product architectures’ standards 
are defined. Again four steps are planned which are described 
in detail below (see figure 4). 
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Fig. 4: Definition of constituent features 
1. Qualitative variety analysis: This step is needed to 
identify critical attributes of the product in terms of market 
requirements (external) and complexity costs (internal). 
Therefore, the three dimensions market requirements, 
product interdependencies and production processes are 
taken into account. Based on a definition of the most 
relevant attributes of the product components these are 
evaluated in the three dimensions. The influence of market 
requirements on the attributes is determined on a 
qualitative scale. Additional weighting coefficients are 
added based on the future sales volumes for each market 
segment and the importance of each requirement for the 
different market segments from stage one. The same 
evaluation is done for the influence of the attributes on the 
components and the production processes. The results 
from the later two evaluations are combined and the 
results are aggregated into an internal value. Together with 
the evaluation from market side, a portfolio for the 
attributes can be set up (see figure 5). On the x-coordinate 
the criticality from the internal (product and production) 
perspective is represented. On the y-coordinate the 
criticality of the external (market) perspective is 
represented. The attributes on the left side are not critical 
from the internal perspective and can be therefore chosen 
freely by the customers. The attributes on the right side of 
the portfolio are analyzed in detail in the following steps. 
Fig. 5: Result of qualitative variety analysis 
2. Setup of constraints for the modular product architecture:
The attributes in the lower right field are candidates for 
constituent features since they are critical in terms of 
internal complexity and not critical from a market point of 
view. However, there might be some smaller market 
segments which require a different characteristic of the 
chosen attribute. Due to their low sales figures these 
requirements are not relevant in comparison to other 
market requirements. Anyway there are different strategic 
reasons why a market segment could be interesting or 
needed for a company, e.g. because it is demanded by a 
big customer. Therefore, a strategic decision is needed to 
either realize the additional variant and address the market 
segment or not to offer in this segment due to the effort 
needed and the low benefit. 
Attributes which are not mandatory for one of the market 
segments can be standardized. 
3. Quantitative variety analysis: In the third step the critical 
attributes in the upper right field are analyzed. These are 
critical from market perspective which means a high 
variety is demanded by the market as well as from internal 
perspective which means that these attributes are very 
expensive in terms of variety. To solve this target conflict 
the first step is to find ways to reduce the internal 
complexity. Therefore, the construction of the relevant 
parts can be adapted or the production process can be 
optimized in terms of variety. E.g. a stamping process 
could be substituted by a laser cutting process. This allows 
to easily switch the contour without changing the stamping 
tool or the need to develop new tools for new shapes. The 
market requirements cannot be influenced by the company 
directly but market requirements can be realized by other 
less critical attributes.  
For the attributes which cannot be optimized in this way 
the number of offered variants will be defined based on 
the benefit and the costs of a variant. Since the customer 
requirements which should be fulfilled are clearly defined 
in stage one the only way to reduce variants is by 
engineering. Therefore, the complexity costs of each 
characteristic of the attribute are determined and will be 
compared to the costs of engineering (especially the 
additional material costs). Based on this cost analysis the 
optimal number of variants can be defined based on the 
economic evaluation.  
4. Defining constituent features: In the last step of stage two 
the interdependencies between the defined attributes are 
analyzed. Clusters of attributes which are independent can 
be evaluated in terms of their internal and external 
criticality defined in step one. Based on this evaluation a 
hierarchy of the different clusters can be set up and 
constituent features can be defined based on this analysis. 
The result of stage two are the constituent features which 
are defined by the critical attributes in terms of internal 
low
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complexity and their optimal number of characteristics 
based on the economical evaluation.  
3.3. Stage 3 – Definition of the platform structure 
In the third stage the constituent features are used to define 
the platform structure. Therefore, the structure including the 
variants as well as the configuration and the interfaces are 
defined or adapted in four steps (see figure 6). 
Fig. 6: Definition of the platform structure 
1. Optimization of the modular structure: Based on the 
constituent features the product architecture of the product 
can be optimized in terms of variety. Therefore, the 
existing modules of the generic product structure which 
were determined in stage one are assigned to the identified 
constituent features. At the same time the influence of the 
identified customer requirements from stage one on each 
module are identified. If a module includes a constituent 
feature but is at the same time heavily influenced by 
customer requirements the module should be split and a 
standard interface have to be defined. This allows to be 
flexible for customer requirements but at the same time 
realize architecture standards and therefore economies of 
scale.
Modules with constituent features which are influenced by 
identical customer requirements can be combined into an 
integrated module. This allows to keep the number of 
modules and therefore interfaces low. At the same time 
integrated modules allow to identify cost saving potentials.  
2. Definition of module variety: Each module consists of 
standard characteristics, variable characteristics and 
configuration characteristics. Standard characteristics are 
basics of each module which are identical for all module 
variants. These standards are based on the constituent 
features, e.g. the basic body of a part which can be 
produced only via casting. At the same time there are 
variable characteristics which have a predefined number 
of variants which can be chosen, e.g. different sizes of a 
product depending on the market standards. Configuration 
characteristics are customer specific and can be chosen 
freely by the customer. Also it is possible to develop new 
variants if this is requested. A typical example for a 
configuration characteristic is the design of a product e.g. 
the colour. The standard characteristics of the product are 
already defined by the constituent features but the variable 
features have to be defined. Therefore, variants which are 
demanded by rules and market standards are realized first. 
Afterwards additional variants are identified and based on 
a cost analysis the economic value of each variant is 
determined. The costs of an additional variant are 
determined based on a complexity cost analysis [12] and 
these are compared to the benefit of the additional variant. 
The benefit can be realized by two effects: The first effect 
is the reduction of material or manufacturing costs by a 
new part design. The second effect is the creation of 
additional sales by better fulfilment of customer 
requirements. Of course these affects can be also 
combined if the product is cheaper due to lower material 
costs. Based on this analysis only variable characteristics 
which have a higher benefit than the complexity costs 
created by it are offered. The configuration characteristics 
are kept flexible and are not further analysed. Based on 
this approach the variety of the modules can be 
determined. 
3. Defining configuration rules: As soon as the modular 
structure and the modules are defined, it is necessary to 
think about possible combinations of the modules. The 
configuration rules say, which modules can be combined 
and which cannot. The configuration rules are based on 
the configuration spaces of stage one. Some customer 
requirements are only needed for the most expensive 
variants, e.g. the engine with the highest power. Therefore 
the number of interfaces and especially the different 
requirements can be limited. Configurations which are not 
possible from a technical perspective or not useful for the 
customer are identified, e.g. a convertible with a sun roof. 
The next step is the evaluation of different configurations 
regarding their benefit. There might be some 
configurations which are not required by the market or 
only for very few customers. Therefore, the effort to 
consider these configurations is evaluated and will be 
compared with the possible sales. This enables a useful 
definition of product configurations and limits the number 
of requirements for the next step. 
4. Defining the interfaces: Especially the standardized 
interfaces allow the interchangeability of modules between 
different products and the combination of different 
modules within a product. This way new variants can be 
easily generated. The interfaces need to be designed 
carefully because they should allow combination of 
modules not only today but also within the next years. The 
modular structure, the module variants and the 
configuration rules define the requirements for the 
development of the interfaces. It is important to consider 
not only physical requirements from the product itself but 
also functional requirements and restrictions from 
production side. Therefore, an interdisciplinary team is 
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needed to define the interfaces. Afterwards these 
interfaces need to be documented in three steps: first as a 
separate 3D CAD file, second as a drawing which includes 
tolerances and all production relevant information and 
third as a description in text form e.g. in PPT including 
pictures of the interface. This allows to maintain the 
interface over the lifecycle of the modular product 
architecture. The interfaces should be a standard 
characteristic of each module. If this is not possible due to 
technical restrictions, there should be as few variants as 
possible to allow the easy exchange of modules. 
Additionally a responsible person for the interface need to 
be assigned, which is described more in detail in the next 
chapter. 
The result of stage three is the specification of the modular 
product architecture which contains the most important 
standards but leaves flexible areas for the product 
development. Therefore, single product development 
processes can be done on this basis in shorter time and with 
less costs due to the realized economies of scale. 
4. Conclusion  
The presented approach for the development of modular 
product architectures shows a systematic way to realize 
standards and therefore economies of scale and at the same 
time fulfill the market requirements and to be flexible for new 
requirements. This enables companies to optimize their ramp-
up process for modular product architectures and at the same 
time make their developed solutions stable over the lifetime 
by being flexible for new requirements. Especially the 
identification of constituent features based on the market 
analysis and the existing products and production processes 
allows a quick derivation of the new variants for the future 
based on the existing structure but also to set standards were 
they are needed to reduce the complexity. The consideration 
of the three dimensions product architecture, production 
systems and market requirements allows the time and cost 
efficient development, ramp-up and production of new 
innovative products. 
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